An in vitro preparation of rabbit right atrium, including the A-V node (AVN) and bundle of His, was utilized to evaluate the mechanism of paroxysmal supraventricular tachycardia (SVT). Microelectrode recordings from atrium and AVN were obtained. During sinus rhythm the atrial cycle was explored with atrial premature depolarizations (APD). Fifty episodes of an arrhythmia with characteristics identical to SVT in man were produced in six of 40 rabbits. In vitro, SVT: (1) was initiated by a single APD showing prolonged conduction in the AVN; (2) had initial cycles similar to atrial echoes; (3) in most instances showed 1:1 A-V conduction; (4) lasted 20 to 500 cycles; and (5) 
T HE MECHANISMS underlying clinical cardiac arrhythmias are of considerable significance, since knowledge of these processes may provide a basis for successful therapeutics.' Unfortunately, these arrhythmias are not easily studied in clinical situations. As a result, conclusions concerning their origin have been largely speculative, and based on electrocardiographic analysis. This has been particularly true with regard to the genesis of paroxysmal supraventricular tachy-rabbit right atrium. This preparation allowed detailed investigation of the mechanism of SVT with local electrograms, glass capillary microelectrodes, and various degrees of tissue sectioning. These techniques have directly demonstrated that SVT is initiated and sustained by reentry within the upper A-V node.
Methods
Rabbits weighing 2-3 kg were instantly killed by a swift blow to the head. The sternum was rapidly removed and the entire heart dissected free and placed in a modified Tyrode's solution of the following composition (millimolar): NaCl, 137.0; KCI, 3.0; NaH9PO4, 18; CaCl2, 2.7; MgCI2, 0.5; dextrose, 5.5; and NaHCO3, 12.0. Subsequent dissection was performed in this Tyrode's solution which was gassed with a mixture of 95% 0°and 5% CO2. The ventricles and left atrium were removed and discarded. The endocardial surface of the right atrium was exposed by an incision through the free wall at the atrioventricular groove, extending along the anterior border of the right atrial appendage and through the anterior wall of the superior vena cava as described in detail by Paes De Carvalho et al. 10 The preparation consisted of the superior vena cava, sinus node, crista terminalis, musculi pectinati of the atrial appendage, interatrial septum, coronary sinus, A-V node, and bundle of His. The exposed endocardial surface of the right atrial preparation was pinned to the wax base of a 20-ml tissue bath and constantly perfused with the Tyrode's solution, gassed with 95% oxygen and 5% carbon dioxide. Temperature was maintained at 34-36C. The spread of excitation during sinus rhythm was verified to occur in a normal manner before study was initiated. 10 Transmembrane action potentials were recorded by means of machine-pulled glass capillary microelectrodes filled with 3M KCl (tip resistance of 20-40 megohms). The microelectrodes were coupled to the input circuits of high input impedance amplifiers with capacitance neutralization (type NF-1, Bioelectric Instruments, Inc.) (two identical assemblies) by means of Ag-AgCl wires. The outputs of these amplifiers were displayed on two oscilloscopes (Tektronix 565 and 532). Action potentials were recorded from the crista terminalis or atrial muscle in the vicinity of the A-V node, from the upper (AN), middle (N), or lower (NH) regions of the A-V node, and from the bundle of His. Regions within the A-V conduction system were identified according to action potential configuration and timing as previously described." The site or sites Circulation, Volume XLIII, June 1971 of recording for individual experiments varied and are indicated in the results.
In addition to the transmembrane action potentials, bipolar surface electrograms were recorded from atrial muscle in the vicinity of the A-V node, and in some experiments from the His bundle by means of Teflon-coated silver wires. Electrograms were displayed along with the action potentials. A calibrated time signal provided by a time-mark generator was similarly displayed. Direct current calibration pulses were injected into the bath via ground for calibration of resting potentials and action potential amplitudes. Photographic records were obtained on moving film by means of a Grass C4-oscillographic camera.
The preparation beat spontaneously and was driven by its own sinus pacemaker. The bipolar atrial electrogram was used to trigger the "A' time base of the 565 oscilloscope and the sweep speed adjusted so that one complete sweep encompassed 10-15 sinus beats. The 'A" time base was also used to trigger a second ("B") time base generator with a variable delay. The gate from the "B" time base was used to drive a Tektronix 160 series wave form and pulse generator which delivered an isolated stimulus (5 msec in duration, 4-5 x threshold) to the right atrium through a pair of bipolar silver wire electrodes on the crista terminalis. Thus, the preparation could be stimulated once during each complete sweep of the A beam (every 10-15 beats) and the premature stimulus placed at any point in the cardiac cycle with an accuracy of ±+1 msec.
Results
The effects of stimulated premature atrial depolarizations on atrial rhythmicity was studied in 40 rabbit right atrial preparations. The entire sinus cycle was explored by progressively decreasing the coupling interval between the premature atrial depolarization (Ap) and the atrial depolarization of sinus origin (As) by intervals of 5 msec or less. In six preparations a single premature stimulus induced a series of rapidly occurring regular atrial depolarizations lasting from 20 to 500 cycles ( fig. 1 ). This supraventricular tachycardia could be repeatedly induced by appropriately timed atrial premature stimuli, and a total of 50 such episodes were studied.
General Characteristics of Induced Tachycardia
As the premature response (Ap) was evoked progressively earlier in the sinus cycle The relationship of the proximal A-V conduction system (A-V node and His bundle) to the genesis of this supraventricular tachycardia was similarly investigated in four experiments. A small (3 mm) cut, functionally separating the upper His bundle from the lower A-V node did not alter our ability to produce tachycardia, or the characteristics of the tachycardia once initiated ( fig. 3 ). (Functional separation was documented when action potentials from the His bundle and A-V node showed no temporal relationships.) In striking contrast, the supraventricular tachycardia could never be elicited after a discrete 3-5-mm cut extending along the upper margin of the A-V node had been made. This incision prevented the conduction of atrial impulses into nodal cells ( fig. 3 ). (The upper nodal margin was located prior to sectioning by typical action potential configuration.") When the A-V node was damaged by slight pressure with a glass rod in one experiment, A-V nodal conduction was impaired and the tachycardia was prevented ( fig. 4 ). In this experiment various degrees of A-V block occurred after A-V nodal damage. Nonconducted atrial impulses were concealed in both the upper and middle A-V nodal regions.
These manipulations involving the A-V node which prevented tachycardia had no discernible effects on the automaticity of the sinus node, or the sinus-to-atrial muscle conduction time. (The interval between depolarization of sinus node cells in a specific region and atrial muscle fibers in the crista term`nals was unchanged.) Damaging or sectioning the A-V node did not alter conduction or the electrophysiologic characteristics of atrial muscle fibers. (Mean values for resting potential, action potential duration, and refractory periods remained unaltered.)
Excision of a large mass of atrial muscle ( fig. 3 ) leaving a small island of atrial tissue surrounding the A-V node, also prevented the initiation of the tachycardia in two preparations. These preparations (after excision) were electrically driven at a cycle length similar to that of the sinus node prior to its removal. Although A-V nodal conduction and A-V nodal functional and effective refractory periods were all unimpaired by this sectioning procedure, tachycardia could not be produced (see discussion).
Electrophysiologic Characteristics of A-V Nodal Cells During Tachycardia
The fact that the tachycardia could be prevented by discrete lesions involving the A-V node or atrial A-V nodal junction is prima facie evidence that the A-V node is involved in the genesis of in vitro SVT. This was more fully investigated by recording transmembrane action potentials from A-V nodal cells in the upper (AN), middle (N), and lower (NH) regions of the node during the When tachycardia terninated spontaneously, and the last nodal depolarization was not followed by atrial activation (i.e., tachycardia ended in the node), the "hump" did not appear on the terminal AN action potential ( fig. 8C ).
To demonstrate that the "hump" observed on AN cell action potentials during tachycardia was related to atrial reentry, the atrium was driven at cycle lengths identical to those occurring during the tachycardia. During electrical stimulation there was no "hump" on the upper nodal action potentials ( fig. 9 ). Since we were not successful in maintaining impalement of the same cell during induced tachycardia and the subsequent rapid atrial Circulation, Volume XLIII, June 1971 pacing, action potentials were recorded from from three to five cells within 0.5 mm of one another during tachycardia in three experiments. All these AN cells exhibited "humps." An additional three to five cells were recorded from the same area during atrial pacing. A "hump" was not evident in any. When the atrium was driven at a cycle length identical to that observed during tachycardia, various degrees of conduction impairment between atrium and His bundle usually occurred, despite the fact that 1:1 atrioventricular conduction was observed during the tachycardia ( fig. 9 ) both before and after the period of atrial pacing. In contrast to the changes in the cells in the AN region of the node there were no major alterations in the configuration of action potentials recorded from middle (N region) or lower (NH region) nodal cells during tachycardia. Although a slight decrease in resting potential, total action potential amplitude, and duration were usually observed (figs. 1 single stimulated atrial premature depolarization ( fig. 11 ). There are two obvious differences between our model arrhythmia and clinically occurring SVT:
(1) Tachycardia never developed spontaneously in our model. However, the complete absence of premature atrial beats in the unstimulated preparation, and the total dependence upon stimulated atrial premature depolarizations to initiate tachycardia, argues strongly for the fact that the tachycardia is a reentrant arrhythmia. model. figs. 8-11 ). The "humps" which occurred are probably due to electrotonic interaction between adjacent cells depolarized out of phase due to slow conduction, for similar electrotonic interactions have been noted during slow conduction in both the A-V node and Purkinje fibers.'3 17 The initial depolarization of the upper nodal cells probably occurs during passage of the atrial impulse into the A-V node. The "hump" on the repolarization limb of the action potential is most likely due to an adjacent' upper nodal cell which is depolarized considerably later than the cell from which electrical activity is being recorded and, because of slow conduction, provides a possible return route to the atrium. The "hump" on the repolarization limb of the upper nodal cells is probably not due to a second active depolarization of the same cell since it occurs at a time when A-V nodal cells are still inexcitable.18' 19 The electrotonic depolarization "hump" seen during tachycardia was not related to antegrade conduction to the His bundle since its time of appearance was not related to changes in overall A-V conduction time (as has been demonstrated for instance in electrotonic interactions in the middle and lower node)." The "hump" is similarly not a result of adjacent atrial depolarization since it occurred before the reentrant atrial activation. The time at which the "hump" occurred, however, did vary with the atrial cycle length during tachycardia indicating a relationship to the reentrant pathway. When conduction was prolonged through the reentrant pathway resulting in a long atrial cycle length, the "hump"> occurred later in repolarization of the A-V nodal cell.
This would be expected if the "hump" is due to electrotonic interaction between cells in the reentrant pathway, since during a long atrial cycde length, conduction through the reentrant Circulation, Volume XLIII, June 1971 pathway is slower, and, therefore, adjacent cells would be depolarized later in time. In addition, the "hump" never appeared after the last atrial depolarization of tachycardia which, although conducted to the His bundle, was not conducted back to the atrium ( fig. 8 ).
C. An Evoked Pacemaker?
It has been suggested that premature depolarization of the A-V node can excite a junctional pacemaker to fire spontaneously at a rapid rate, and that this is the mechanism of SVT.4 Our model refutes this hypothesis. If the premature atrial impulse did excite a pacemaker in the A-V nodal region, the tachycardia should be demonstrable even after the removal of large masses of atrial muscle (i.e., as long as the premature impulse still had access to the A-V node). This did not occur. The possibility also exists that the premature impulse somehow excites an ectopic pacemaker in the specialized atrial fibers. However, if this were so, the prevention of the tachycardia by a discrete A-V nodal lesion could not be explained. In addition, premature atrial impulses which penetrated into the upper A-V node did terminate the tachycardia. This would be expected only if the node were part of a reentrant pathway.
D. Significance of the Model
The in vitro replication of clinically occurring cardiac arrhythmias has considerable potential significance. The induced in vitro tachycardia reported here is an appropriate model since it is identical in every way to paroxysmal supraventricular tachycardia in man. The model extends our understanding of the mechanism of that arrhythmia by the application of recording techniques which cannot be utilized in the clinical setting. In addition to documenting the mechanism of SVT it should provide a convenient tool for the study of the efficacy of antiarrhythmic drugs.
